The immunomodulatory properties of mesenchymal stem cells (MSCs) make them attractive therapeutic agents for a wide range of diseases. However, the highly demanding cell doses used in MSC clinical trials (up to millions of cells/kg patient) currently require labor intensive methods and incur high reagent costs. Moreover, the use of xenogenic (xeno) serum-containing media represents a risk of contamination and raises safety concerns. Bioreactor systems in combination with novel xeno-free medium formulations represent a viable alternative to reproducibly achieve a safe and reliable MSC doses relevant for cell therapy. The main goal of the present study was to develop a complete xeno-free microcarrier-based culture system for the efficient expansion of human MSC from two different sources, human bone marrow (BM), and adipose tissue. After 14 days of culture in spinner flasks, BM MSC reached a maximum cell density of (2.0 -0.2) · 10 5 cells$mL -1 (18 -1-fold increase), whereas adipose tissue-derived stem cells expanded to (1.4 -0.5) · 10 5 cells$mL -1 (14 -7-fold increase). After the expansion, MSC expressed the characteristic markers CD73, CD90, and CD105, whereas negative for CD80 and human leukocyte antigen (HLA)-DR. Expanded cells maintained the ability to differentiate robustly into osteoblast, adipocyte, and chondroblast lineages upon directed differentiation. These results demonstrated the feasibility of expanding human MSC in a scalable microcarrier-based stirred culture system under xeno-free conditions and represent an important step forward for the implementation of a Good Manufacturing Practicescompliant large-scale production system of MSC for cellular therapy.
Introduction
T he growing knowledge of the intrinsic immunologic properties and multilineage differentiation potential of human mesenchymal stem cells (MSCs) has intensified the research on their therapeutic applications. 1 Recently, several clinical trials described the use of MSC in the field of cellular therapy, such as for the treatment of graft-versus-host disease, 2 acute myocardial infarction, 3 liver cirrhosis, 4 and amyotrophic lateral sclerosis, 5 and also to promote hematopoietic stem cell engraftment upon bone marrow (BM) transplantation. 6 The large cell numbers required for MSC clinical applications (cell doses up to 5 million MSC/kg body weight 7 ) will require a fast and reproducible ex vivo expansion protocol. However, the clinical-scale expansion of MSC has been traditionally performed under static conditions using culture flasks, which are limited in terms of cell productivity and culture monitoring, require extensive handling and relatively long cultivation times, and, consequently, multiple cell passages, which increases the risk of undesired genetic abnormalities. 8 As an alternative, different dynamic systems have been developed to expand MSC at a laboratory-scale, either by using a rotary reactor 9 or spinner flasks with microcarriers.
than the optimization of a reproducible, scalable process to produce nondifferentiated homogeneous MSC populations. Moreover, most of the studies focusing on such scale-up systems have used culture media supplemented with fetal bovine serum (FBS), which raises a major concern among clinicians, since it may be a source of animal proteins, bacteria, virus, or xenogeneic antibodies that might trigger an immune response upon MSC infusion. 15, 16 This can be a major hurdle to obtain the approval from the national and international regulatory agencies for a Good Manufacturing Practices (GMPs)-compliant process and transplant ready cells for therapy. In this context, recently developed clinical-grade medium formulations have been shown to support high MSC proliferation rates while maintaining immunophenotype and multipotency, 17 which may greatly improve the safety of expanded MSC in clinical applications. Also, for other stem cell populations, namely, pluripotent stem cells, efforts have been made toward the delineation of xeno-free conditions for cell isolation, propagation, and differentiation. 18, 19 Our group has previously demonstrated the expansion of human BM MSC in a microcarrier-based stirred culture system, using a culture medium with reduced serum content (MesenPRO RSÔ, 2% FBS; Invitrogen), 20 where Cultispher Ò -S (porcine gelatin; Sigma-Aldrich) microcarriers were coated with FBS to improve the initial cell adhesion, and, consequently, reduce the lag phase. In the present work, we hypothesized that MSC from other sources, such as adiposederived stem cells (ASC), could be also efficiently expanded using this system. Moreover, considering the need to develop a scalable, GMP-compliant culture system for the fast clinical-grade expansion of MSC, our goal was to adapt our microcarrier-based culture system to xeno-free conditions, while maintaining the characteristic immunophenotype and multipotency differentiation potential of expanded BM MSC and ASC These results represent a major step toward the clinical-grade production of a safe and effective MSC for cellular therapy.
Materials and Methods

Human BM MSC cultures
BM aspirates were obtained from healthy donors after informed consent at Instituto Português de Oncologia Francisco Gentil, Lisboa, Portugal. MSCs were isolated according to the protocol described by Dos Santos et al. 21 Cells from two different donors (average age of 36 -11), at passages 5 and 8, were used.
Human ASC cultures
Human ASC were isolated and characterized as described previously in the literature. 22 Cells from different donors (average age of 30 -7), at passages 4 and 5, were used. The ASC were obtained from healthy donors after informed consent under a protocol reviewed and approved by the Pennington Biomedical Research Center Institutional Review Board.
Serum-free cultures under static conditions
Before cell inoculation in the spinner flasks, cryopreserved MSC were thawed and plated, at a cell density of 3000 cells/ cm 2 , on CELLstartÔ CTSÔ (Invitrogen) pre-coated T-75 or T-175 flasks using StemPro Ò MSC SFM XenoFree (Invitrogen). At 70% cell confluence, MSC were detached from the flasks by adding TrypLEÔ solution (Invitrogen) for 5 min at 37°C. Cell number and viability were determined using the Trypan Blue exclusion method.
Expansion of MSC in spinner flasks
In this work, Bellco Ò spinner flasks (Bellco Glass, Inc.) with a working volume of 80 mL, equipped with 90°paddles (normal paddles) and a magnetic stir bar, were used. The initial cell density used for both BM MSC and ASC was 5 · 10 4 cells/mL. Cultispher-S microcarriers were prepared as described in the literature 23 and precoated with FBS. 20 Nonporous plastic microcarriers (SoloHill Engineering, Inc.) were prepared according to manufacturer's instructions. Then, plastic microcarriers were coated with a CELLstart CTS solution (diluted 1:100 in PBS with Ca 2 + and Mg 2 + ) for 2 h at 37°C, with an intermittent agitation (1 min at 300 rpm, 10 min nonagitated) using a Thermomixer Ò confort (Eppendorf AG), and afterward equilibrated in prewarmed MesenPRO RS/ StemPro MSC SFM XenoFree medium. Human MSC, previously expanded under xeno-free static conditions for two passages, were seeded on 20 g/L of pre-coated plastic microcarriers in 15 mL of the respective medium for 30 min, at 37°C and 5% CO 2 , with gentle agitation every 5 min. Then, prewarmed medium was added until reaching half of the final volume, and the cell suspension was transferred to the spinner flask. During the first day, an intermittent agitation regimen was set (15 min at 25 rpm followed by 2 h nonagitated). After the initial 24 h, agitation was set at 40 rpm. After day 3, 25% of the medium volume was renewed daily.
Cell counting on Cultispher-S microcarriers and nutrients/ metabolites analyses were performed according to protocols described in the literature. 23 For cell counting on plastic microcarriers, a microcarrier-cell suspension sample of 0.5 mL was taken from the homogeneous culture in the spinner flask. Microcarriers were washed with 2 mL of prewarmed PBS, and 1 mL of TrypLE Express (1 · ) was added. Microcarrier suspension was then incubated at 37°C for 5-7 min at 650 rpm using Thermomixer confort. Subsequently, 4 mL of the corresponding medium was added to stop enzymatic activity and the cell plus microcarrier suspension was filtered using a 100 mm Cell Strainer (BD Biosciences). Cell number and viability were determined using the Trypan Blue exclusion method.
BM MSC and ASC expansion in the spinner flask was also characterized by determining the specific growth and death rates (m and k d [day
]), as previously described. 21 
Telomere length analysis
The relative size of MSC telomeres before and after the expansion in spinner flasks was determined using the Telomere PNA Kit/FITC for Flow Cytometry (Dako) as previously described. 24 Briefly, MSC samples were mixed with control cells (cell line 1301 [tetraploid]; Istituto Nazionale per la Ricerca sul Cancro c/o CBA) and a hybridization solution with or without a Telomere PNA Probe/FITC was added. After a 10 min cycle at 82°C, cell mixtures were kept in the dark at room temperature overnight. Then, samples were washed twice and a DNA Staining Solution was added. The analyses were then performed by flow cytometry (FACSCaliburÔ equipment; Becton 2 DOS SANTOS ET AL.
Dickinson and Company). The relative telomere length (RTL) of MSC was calculated by comparison to the telomere length of 1301 cells (control).
Immunophenotypic analysis
Before and after the expansion in the spinner flasks, cells were also analyzed by flow cytometry using a panel of mouse anti-human monoclonal antibodies (PE-conjugated) against: CD31 (Biolegend), CD73 (Becton Dickinson Immunocytometry Systems), CD80 (Biolegend), CD90 (R&D Systems), CD105 (Invitrogen), and human leukocyte antigen (HLA)-DR (Becton Dickinson Immunocytometry Systems). Cells were incubated with these monoclonal antibodies for 15 min in the dark at room temperature and then cells were washed in PBS and fixed with 1% paraformaldehyde (Sigma). Isotype controls were also prepared for every experiment. A minimum of 10,000 events was collected for each sample and the CellQuest software (Becton Dickinson) was used for acquisition and analysis.
Multilineage differentiation assays
Upon 14 days of culture in the spinner flask, BM MSC and ASC were retrieved from the microcarriers (as previously described).
Osteogenic differentiation
Expanded cells were plated at 3000 cells/cm 2 on CELLstart CTS pre-coated 12-well plates using StemPro MSC SFM XenoFree. At 80% cell confluency, osteogenesis was induced using StemPro Ò Osteogenesis Differentation Kit (Invitrogen). The medium was changed twice a week for 14 days. After induction, cells were prepared for alkaline phosphatase (ALP) and von Kossa stainings. Briefly, cells were washed in cold PBS and fixed in 10% cold neutral-buffered formalin (Sigma) for 15 min. After fixing, cells were washed and kept in distilled water for 15 min. Cells were incubated with a 0.1 M solution of Tris-HCl (Sigma-Aldrich) containing Naphtol AS MX-PO 4 (0.1 mg$mL -1 ) (Sigma) in dimethylformamide (Fischer Scientific) and 0.6 mg$mL -1 of Red Violet LB salt (Sigma) for 45 min and washed four times with distilled water. Cells were then observed under the microscope (Leica Microsystems) for ALP staining, as a result of osteogenic commitment. Cells were then stained with silver nitrate (2.5% w/v) (Sigma) for 30 min at room temperature for von Kossa staining to evaluate the deposits of calcium in the cultures.
Adipogenic differentiation
Cells retrieved from microcarriers were plated at 3000 cells/cm 2 on CELLstart CTS-precoated 12-well plates using StemPro MSC SFM XenoFree. The adipogenic differentiation was induced at 80% cell confluence after culture for 14 days, using StemPro Ò Adipogenesis Differentiation Kit (Invitrogen). The medium was changed twice a week for 14 days. The assessment of differentiation toward an adipocytic phenotype was performed based on the accumulation of lipids, using Oil Red-O stain. Cells were washed with cold PBS and fixed in 2% formaldehyde for 30 min. After fixation, cells were then washed with distilled water and incubated with Oil Red-O solution (Sigma) (0.3% in isopropanol) at room temperature for 1 h.
Chondrogenic differentiation
Expanded BM MSC and ASC were plated as small droplets (5-10 mL) with high cell densities (*2 · 10 7 cells$mL -1 ) on ultra low attachment culture plates (Corning). After 30 min, StemPro Chondrogenesis Differentation Kit (Invitrogen) was added. The medium was changed twice a week for 14 days. The assessment of differentiation toward a chondrocytic phenotype was performed based on the synthesis of proteoglycans by chondrocytes, using Alcian Blue stain. Cells were washed with cold PBS and fixed in 2% formaldehyde for 30 min. After fixation, cells were then washed with distilled water and incubated with 1% Alcian Blue solution (Sigma-Aldrich) at room temperature for 1 h.
RNA isolation
Cells were harvested for RNA isolation at the beginning and at the end of the spinner flask cultures as indicated before. Total RNA was collected using the High Pure RNA Isolation Kit (Roche) according to the manufacturer's instructions. RNA was quantified by UV spectrophotometry (NanoDrop Technologies) at 260 nm. Complementary DNA was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science) with anchored-oligo(dT) 18 primers and 1 mg of RNA.
Quantitative real-time-polymerase chain reaction analysis
For real-time polymerase chain reaction (RT-PCR), a twostep PCR run was performed in a LightCycler Ò (Roche Diagnostics) using a SYBR Ò Green PCR master mix (Roche), containing 1 LightCycler FastStart Ò DNA Master Plus SYBR Green master mix, 4 mM MgCl 2 , 0.5 mM of each primer, and 2 mL of template resulting from the cDNA synthesis reaction in 20 mL of final volume. This two-step program consisted in an initial denaturation step at 95°C followed by 45 rounds of cycling between 10 s at 95°C, 10 s at the respective annealing temperature and 10 s at 72°C. The following primers for early differentiation cell markers were used: RGC32 (early osteocyte cell marker, 166 bp) (Fw) 5¢-GCC ACT TCC ACT ACG AGG AG-3¢, (Re) 5¢-GCT GGG GTA GAG TCT GTT GG-3¢; FABP4 (early adipocyte cell marker, 215 bp) (Fw) 5¢-TCA TAC TGG GCC AGG AAT-3¢, (Re) 5¢-TCC CTT GGC TTA TGC TCT-3¢ and SPP-1 (early chondrocyte cell marker, 229 bp) (Fw) 5¢-CTC CAT TGA CTC GAA CGA CTC-3¢, (Re) 5¢-CAG GTC TGC GAA ACT TCT TAG AT-3¢. Expression was normalized to the metabolic housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The specificity of the reactions was confirmed using gel electrophoresis. Control assays containing no templates were also performed.
Estimation of maximum shear stress under stirred conditions
Theoretical values of maximum shear stress under stirred conditions, s max , as result of flow through Kolmogorov eddies, can be determined through Equation 2:
where q denotes fluid density and m is the kinematic viscosity. The power dissipated per unit mass, e, is defined by Equation 3:
in which V L is the vessel working volume; the power consumed, P, can be estimated by Equation 4:
where N P is the dimensionless power number, N the agitation rate used and D i the impeller diameter. N P was determined based on reported experimental data. The Reynolds number (Re) can be calculated by Equation 5:
For StemPro MSC SFM XenoFree, based on the literature, estimated values of 1.01 and 1 · 10 -3 Pa.s for specific density and viscosity, respectively, were used. 25 
Statistical analysis
Results are presented as mean -standard error of mean (SEM) of the values obtained for human cell donors. The expansion of ASC using MesenPRO RS was replicated using cells from four different donors, whereas the expansion under xeno-free conditions was replicated using two donors of both BM MSC and ASC. Comparisons between experimental results were performed using the nonparametric Mann-Whitney U test. To assess statistical significance of the differences observed, a p-value < 0.05 was considered.
Results
We have previously described the successful expansion of human BM MSC in a spinner flask system using gelatincoated Cultispher-S microcarriers. 20 Herein ASC were efficiently expanded using the previous established microcarrier-based culture system, using a low serum containing medium. Moreover, in the present studies BM MSC and ASC were also expanded using the microcarrier-based culture system under xeno-free conditions, namely, by replacing gelatin beads with plastic microcarriers and using culture medium and cell detachment solution of xeno-free origin.
MSC expansion using plastic microcarriers in MesenPRO RS medium
We started by comparing the performance of animal protein-free plastic microcarriers against Cultispher-S gelatin microcarriers for the expansion of both BM MSC and ASC. To maximize initial cell adhesion, a crucial step in a microcarrier-based expansion of MSC, the plastic microcarriers were pre-coated with CellStart CTS, a xeno-free substrate solution (replacing the FBS precoat on Cultispher-S microcarriers 20 ). The initial cell adhesion was evaluated as the percentage of cells that adhered to the microcarriers after the first 24 h of dynamic culture. Although comparable values were obtained for BM MSC (90% -10% and 90% -7% for Cultispher-S and plastic microcarriers, respectively), a decrease in cell adhesion was observed for ASC with the plastic microcarriers (69% -14%) when compared to the gelatin microcarriers (88% -12%).
Since the two types of microcarriers have different values of surface area, cell growth was determined as number of cells per cm 2 . Throughout time in culture, using MesenPRO RS medium, cell expansion on plastic microcarriers displayed similar growth profiles for both BM MSC (Fig. 1A) and ASC (Fig. 1B ) when compared to cell proliferation on Cultispher-S microcarriers. Moreover, after 9 days, higher cell productivities per surface area were obtained with plastic microcarriers, reaching densities of (1.4 -0.1) · 10 5 and (2.2 -0.4) · 10 5 cells/cm 2 for BM MSC and ASC, respectively. However, the specific growth rate calculated for the expansion of ASC was significantly higher ( p < 0.05) with Cultispher-S microcarriers (0.70 -0.07 day 
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0.02 -0.02 day -1 , respectively). Importantly, throughout time in culture, cell viability was always superior to 95%.
Throughout the expansion, concentrations of nutrients (glucose and glutamine) and metabolites (lactate and ammonia) in the supernatant were measured ( Fig. 2A) and specific consumption and production rates were calculated for ASC expanded using plastic microcarriers (Fig. 2B) . BM MSC metabolic analysis displayed similar values compared to ASC (data not shown). In the first 4 days of culture, ASC displayed higher specific average consumption rates of glucose and glutamine (6.1 -0.6 and 3.4 -1.2 pmol$cell
, respectively), whereas significant lower values were obtained between days 5 and 9 (3.3 -0.8 and 1.0 -0.4 pmol$cell
, respectively) (Fig. 2B) . Concomitantly, a sharp decrease in nutrient concentrations was observed until day 4, followed by slighter daily decreases until day 9, with glucose levels reaching a minimum value of 2.5 mM. On the other hand, glutamine concentrations did not reach values lower than 1.3 mM (Fig. 2A) . In addition, throughout time in culture, the maximum concentration values measured for lactate and ammonia were, respectively, 5.9 and 2.5 mM (Fig. 2A) . Accordingly, the average specific production rates of lactate and ammonia were also higher in the beginning of the culture (days 1-4) (13.3 -1.6 and 3.0 -1.0 pmol$cell
, respectively) and decreased to lower values upon day 5 (6.2 -1.5 and 1.0 -0.5 pmol$cell
, respectively) (Fig. 2B) . Additionally, the apparent yield of lactate from glucose (Y¢ lactate/glucose ) presented an average value of 2.0 -0.2 mol lactate $mol glucose -1 , with small variations throughout culture time (Fig. 2C) .
Before and after ASC expansion, immunophenotypic assays were performed to verify if MSC characteristic immunophenotype 26 was affected by the spinner flask culture. In fact, although the expression of CD73 and CD90 was maintained above 90%, the expression of CD105 decreased to 85.9 -7.9 and 86.7 -2.4 for Cultispher-S and plastic microcarriers, respectively. The differentiative potential of expanded ASC was also assessed through the induction of multilineage differentiation (Fig. 3A) . Expanded MSC were efficiently differentiated into cells of the three lineages studied (osteogenesis, adipogenesis and chondrogenesis). For instance, osteogenic differentiation was confirmed by ALP staining of early differentiating osteocytes and calcium deposits (dark Von Kossa staining), whereas lipid vacuoles were visible under adipogenic differentiating conditions (stained red with Oil Red-O). Chondrogenic differentiation was assessed by staining proteoglycans with Alcian Blue.
Xeno-free culture of human MSC in spinner flasks
BM MSC and ASC were expanded using 80 mL spinner flasks in a fully xeno-free culture system. Under serum-free conditions (StemPro MSC SFM Xenofree), the initial cell adhesion to plastic microcarriers was seriously impaired when compared to the results obtained with the low serumcontaining media previously described. After 24 h of culture, the percentage of adherent cells was 23% -3% for BM MSC and 22% -4% for ASC. However, even though the initial attachment efficiency was reduced, cells expanded at expected rates. After 14 days of culture, BM MSC reached a cell density of (2.0 -0.2) · 10 5 cells$mL
, which corresponded to a fold increase in total cell number of 18 -1, whereas ASC expanded to a density of (1.4 -0.5) · 10 5 cells$mL -1 (fold increase 14 -7) (Fig. 4) . Accordingly, a higher average specific growth rate was determined for BM MSC compared to ASC (0.40 -0.09 and 0.34 -0.01 day -1 , respectively). To understand how cell expansion in the spinner flask affected cell proliferative potential, the RTL was also determined. At the end of the expansion, the RTL of BM MSC was reduced by 28% (n = 2), whereas no considerable reduction was observed for ASC. Of notice, under xeno-free conditions, BM MSC and ASC viability was always higher than 95%.
The metabolic analysis of xeno-free stirred culture presented similar trends to ones observed for MSC expansion with serum-containing medium (Fig. 5) . BM MSC exhibited a roughly constant specific consumption rate of glucose, with values between 5 and 15 pmol$cell (Fig. 5B) . Consequently, the apparent yield of lactate from glucose (Y¢ lactate/glucose ) presented values higher than theoretical value of 2 on days 3 and 4, though the average value for the entire culture time was 1.8 -0.4 mol lactate $mol glucose -1 (Fig. 5C ).
FIG. 2.
Metabolic analyses of the expansion of adipose-derived stem cell (ASC) in spinner flasks, using plastic microcarriers and MesenPRO RS medium. Culture medium samples were analyzed to determine (A) concentration profiles, (B) specific consumption/production rates of nutrients and metabolites, and (C) the apparent yield of lactate from glucose. Values are represented as mean -standard error of mean (SEM) (n = 4).
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Additionally, glucose was depleted to a minimum level of 1 mM on day 14, whereas lactate accumulated to a maximum value of 8.4 mM (Fig. 5A ). ASC displayed a specific glucose consumption rate with small variations throughout the culture time (between 10 and 20 pmol$cell
, with an average value of 12 -2 pmol$cell (Fig. 5E ). On the other hand, the lactate-specific production rate exhibited a trend similar to the one observed for the expansion with 2% MesenPRO RS Medium (Fig. 5E ): between days 3 and 6 with a higher average value of 28 -3 pmol$cell
, followed by lower values after day 7 (average of 19 -2 pmol$cell
. A similar average value of Y¢ lactate/glucose was also determined (1.8 -0.2 mol lactate $mol glucose -1 ) (Fig. 5F) . Moreover, glucose level was maintained above 1.5 mM, whereas lactate reached a maximum value of 7.3 mM (Fig. 5D) .
Immunophenotypic analysis performed after the spinner flask expansion confirmed that it had not significantly affected BM MSC and ASC characteristic immunophenotype (Table 1) . Further, expanded cells retained their multilineage differentiative potential (Fig. 3B, C) .
Under stirred culture conditions, cells are subjected to continuous shear stress, which have been shown to induce MSC differentiation and is normally exacerbated under serum-free conditions. 27, 28 To determine if microcarrier culture had an effect of priming BM MSC and ASC differentiation to particular lineage, quantitative RT-PCR analyses were performed for three early differentiation genes: RGC32, FABP4, and SPP-1, which are early cell markers for osteogenesis, adipogenesis, and chondrogenesis, respectively. According to the Equations (2)- (5), the maximum shear stress determined for this spinner flask culture was 2.4 dyn/cm 2 . After the expansion in the spinner flask, quantitative RT-PCR analysis showed an upregulation of early osteocyte (*10-and 12-fold) and chondrocyte (*3-and 8-fold) cell markers for both BM MSC and ASC, whereas no difference was observed for the expression of the early adipocyte cell marker.
Discussion
High cell doses required for MSC clinical trials point to the need for reliable, reproducible, and safe methods to achieve the required cell numbers. Conventional static culture protocols have serious limitations and the use of xenogeneic serum-containing media presents major concerns about cell product safety. The development of xeno-free bioreactor culture system for the expansion of human MSC represents major progress in the fields of regenerative medicine and tissue engineering. Based on the previous studies from our group, 20 we further developed a microcarrier-based culture system for the expansion BM MSC and ASC under xeno-free conditions. An important step envisaging a xeno-free culture system was to find a feasible alternative for the previously used gelatin-based microcarriers. 20 With that purpose, plastic microcarriers were tested, proving to be at least as efficient as Cultispher-S microcarriers for the expansion of BM MSC and ASC. We were able to efficiently expand MSC using a xeno-free culture system, while maintaining MSC immunophenotype and differentiative potential.
In fact, after 9 days of culture, ASC reached a higher cell density on plastic beads (coated with CELLStart) than on gelatin microcarriers (coated with FBS), despite the latter exhibiting a high percentage of initial cell adhesion and a high cell specific growth rate. ASC presented a similar metabolism to BM MSC, with higher specific consumption/production rates of glucose/lactate in the beginning of the culture, followed by lower values after day 6. It is worth noting that the optimized 25% daily feeding regimen 20 was sufficient to avoid nutrient depletion or growth-inhibition by metabolites. Moreover, the expansion on plastic microcarriers did not affect either the multilineage differentiative potential or the immunophenotype of ASC. Therefore, plastic microcarriers were shown to be suitable for the expansion of MSC in stirredculture systems, and were used in all subsequent experiments.
However, a safer expansion protocol for human MSC for clinical application requires a total absence of xenogeneicorigin materials. In addition to the use of StemPro Ò Xenofree culture medium and plastic microcarriers (precoated with CELLstart CTS, a xeno-free attachment substrate); we used an animal-origin free cell dissociation agent (TrypLE Select). Thus, we were able to implement a completely xenofree microcarrier-based culture system through out the process for the expansion of MSC.
In the absence of serum, the initial cell adhesion to microcarriers was substantially reduced for both cell sources, most likely due to lack of important cell adhesion-promoting proteins, such as fibronectin and vitronectin. 29 Taking into consideration that plastic microcarriers were precoated with a xeno-free substrate before cell inoculation, our results indicate that dynamic conditions were not sufficient to support a high initial MSC adhesion (*75% of the initial cell number was lost), such as reported for static conditions. 17 As a result of low cell attachment, a lag growth phase was observed in xeno-free cultures, in contrast to cases where serum-supplemented medium was used, which led to longer culture times. An improvement of the initial cell adhesion step, either by a more efficient bead precoating protocol or the addition of attachment-promoting proteins to the medium, will represent a crucial advance toward a faster and more productive MSC expansion process.
Notwithstanding the decreased initial cell adhesion, the xeno-free microcarrier-based culture system was shown to efficiently expand both BM MSC and ASC in spinner flasks, with comparable results to those described in the literature, which use serum-supplemented media with microcarriers 30 or other strategies such as needle-suspended scaffolds. 31 Despite an initial lag growth phase associated with lower cell adhesion levels, specific growth rates for xeno-free dynamic expansions were higher than for MesenPRO RS cultures that contained reduced serum. The higher cell densities achieved with BM MSC were reflected in the reduction of the RTL by 28%, which was similar to prior results obtained for static cultures. 21 In terms of metabolic performance, BM MSC presented lower average values for both specific glucose consumption and lactate production rates than ASC. Nonetheless, the trends of consumption rates were identical for both cell types, with higher values up to days 5 or 6 followed by lower values for the remaining culture time, which is in accordance with data obtained using serum-containing media by our group and others. 30 This MSC metabolic profiling appears to be characteristic of microcarrier-based stirred cultures, since it was not observed for static expansion conditions, 21 and may be related to the metabolic adaptation to dynamic culture systems. The average Y¢ lactate/glucose was similar for both cases, which is evidence that carbon source metabolism was similar for the two cell sources. Importantly, nutrient/ metabolite-related cell growth inhibition was not observed since glucose and lactate concentration were kept within nonlimiting ranges. 13, 21 Additionally, MSC characteristic immunophenotype was well maintained by the xeno-free dynamic expansion in spinner flasks for both BM MSC and ASC. A slightly lower percentage of CD90-positive cells for ASC after the expansion may be attributed to longer enzymatic cell detachment times or to an agitation effect, which are known to affect cell surface markers expression. 32 The upregulation of the expression of early osteocyte and chondrocyte cell markers upon MSC expansion in the spinner flasks confirmed that the shear stress associated with a microcarrier-based stirred culture system might have a priming effect on MSC differentiation. In fact, several authors described in the literature that higher values of shear stress induced an upregulation of osteogenesis-related genes and proteins 28, 33, 34 and even had an effect on MSC 
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proliferation. 27 However, the multilineage differentiation of BM MSC and ASC after the spinner flask expansion was evidence that cells maintained their mesodermal progenitor properties intact. More significantly, expanded MSC in xenofree stirred conditions retained their hematopoietic supportive activity in vitro in a co-culture system to expand umbilical cord blood derived progenitors 35 (data not shown). Further studies are needed to optimize the agitation rates and mixing dynamics of the cultures to reduce shear stress and its potential effects.
In conclusion, these results demonstrate that our microcarrier-based culture system is suitable for the efficient expansion of MSC in xeno-free conditions from different sources. To our knowledge, this is the first report of a completely serum-free and xeno-free microcarrier-based stirred system for the expansion of BM MSC and ASC, while 
DOS SANTOS ET AL.
maintaining cell characteristic immunophenotype and differentiative potential. Moreover, the ease of scalability of microcarrier-based cultures combined with cell densities obtained in spinner flasks are encouraging factors to scale-up the xeno-free culture system. Large-scale fully controlled bioreactor studies are now in progress in our laboratory, aiming at the production of clinically relevant human MSC in a more efficient manner.
